Five lactating Holstein cows with ruminal and duodenal cannulas were used in a 5 x 5 Latin square to determine the site of mineral absorption and effects of sources and amount of dietary fat on apparent absorption. Cows were fed (DM, 17.4 + .8 kg/ d ) chopped alfalfa hay, alfalfa haylage, corn silage, and concentrate at 1:1:1:2 (DM) at 12-h intervals. Calcium salts of palm fatty acid distillate ( C S ) or animal-vegetable (AV) fat were 0% (control), 2.5% (low, L), or 5.0% (high, H ) of the diet DM. After 2 wk of adaptation, duodenal and fecal grab samples were collected at 7-h intervals for 5 d and composited by animal. Calcium intake increased ( P < .05) with highfat diets (195 vs 170 g/d), whereas Mg intake remained unchanged (54.3 k 9.0 g/d). Apparent absorption, estimated by Cr2O3, was regressed on Ca or Mg intake (gramdday) and fatty acid ( F A ) intake (gramdday). Total absorption of Ca (gramdday) = -37.4 + .264 Ca ( P = .07, R2 = .14). Ruminal absorption of Mg was independent of FA intake, and magnesium was secreted posterior to the duodenum. Total tract Mg absorption (gramdday) was described by -7.685 + .464 Mg -.0044 FA ( P < .0005, R2 = .46).
Introduction
The site of absorption of different minerals, especially Mg and Ca, from the ruminant digestive tract is uncertain. Earlier investigators considered Mg to be absorbed solely from the small intestine (Care and Van't Klooster, 1965; Phillipson and Stony, 1965) .
Although some reports show Mg absorption from the small intestine, most (Grace and MacRae, 1972; Tomas and Potter, 1976; Greene et al., 1983a,b; Rahnema and Fontenot, 1983 , 1990 J. h i m . Sci. 1994. 72:229-235 that the primary site of Mg absorption is from the preintestinal region. The absorption site for Ca apparently is even more inconsistent among studies. In some experiments Ca was shown to be absorbed only from preintestinal regions (Grace et al., 1974 (Grace et al., , 1977 Rahnema and Fontenot, 1983) , whereas others indicated Ca absorption from the small intestine (Storry, 1961; Kemp et al., 1973; Greene et al., 1983b) , and yet others showed absorption from both sites (Grace and MacRae, 1972; Rahnema and Fontenot, 1990) . Several have reported net secretion of Ca into the preintestinal region of the ruminant digestive system (Pfeffer et al., 1970; Ben-Ghadalia et al., 1975; Wylie et al., 1985) . The roles of factors such as digesta markers, sampling protocols, forms of supplemented minerals, other dietary nutrients (e.g., fatty acids), nutrient intake, or production level have not been defined. This experiment was conducted to examine the site of absorption of Ca, Mg, P, K, and Na in lactating dairy cows and the effect of source and amount of dietary fat on absorption of these minerals.
Experimental Procedure
Animals and Treatments. Five midlactation Holstein cows (milk yield, 20 f .9 kg/d) with ruminal and duodenal cannulas were used in a 5 x 5 Latin square. Duodenal cannulas (T-type) were located 10 to 15 cm distal to the pyloric valve. Cows were housed in a heated and ventilated barn and milked in tie stalls using portable milkers. At 12-h intervals, cows (average BW, 615 f 35 kg) were fed chopped alfalfa hay, alfalfa haylage, corn silage, and concentrate at 1:1:1:2 (DM) in a totally mixed ration. Care and handling of the animals met the recommendations outlined in Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (Consortium, 1988) .
Treatments were calcium salts ( CS) of palm fatty acid distillate (Megalac@, Church and Dwight, Princeton, N J ) or animal-vegetable (AV) fat at 0% (control), 2.5% (low, L), or 5.0% (high, H) of the diets.
Diets were formulated to meet nutritional requirements (NRC, 1989) . At each feeding (0700 and 1900), cows were dosed with 20 g of Cr2O3 powder, which was wrapped in filter paper and placed into the rumen through the ruminal cannula. After a 2-wk adaptation period, feed, duodenal, and fecal grab samples were collected at 7-h intervals and composited by sample type for each animal for 5 d (total of 18 samples). Duodenal and fecal grab samples were taken as described by Murphy et al. ( 198 7) . Samples were freeze-dried, ground through a 1.0-mm screen (Wiley mill), and stored in sealed glass containers at -20°C until they were analyzed for Ca, Mg, P, Na, K, and Cr2O3.
Analytical. Feed, duodenal, and fecal grab samples were wet-ashed using the procedure of Sandel (1950) . Concentrations of Cr (Kimura and Miller, 1957) , Ca, Mg, Na, and K were measured by atomic absorption spectroscopy (Model IL951, Instrumentation Labs, Wilmington, MA). Phosphorus was measured using the procedure outlined by Fiske and Subbarow (1925) . Data were analyzed as a 5 x 5 Latin square using least squares ANOVA (Harvey, 1979) . Degrees of freedom for treatment were partitioned into the following orthogonal contrasts of interest: control vs fat, low fat vs high fat, and CS vs AV. To test for interactions between source and level of fat supplementation, control data were removed and data were analyzed as an incomplete Latin square. Additionally, regressions were calculated within treaiments and within fat source, describing absorption different intestinal sites, to evaluate whether differ6 I responses between treatments or fat source mig have confounded the data. Multiple regressions L examine factors influencing Mg and Ca absorption were by the stepwise procedure of SAS (1988) . All absorption estimates were apparent values using Cr2O3. Additional details about experimental procedures used in this study were reported by Ohajuruka et al. (1991) . . Fatty acid intake increased with fat supplementation ( P c .O 1) for both CS and AV. Because of formulation differences, fatty acid intake was 12 to 15% greater with CS than with AV . There were no differences among individual treatments when responses were regressed on intake of specific minerals and fatty acids. Thus, regressions are based on all data, except as noted for analysis of Ca absorption within fat source (Table 1) .
Results and Discussion
Coefficients for regressions of duodenal and fecal flows for all nutrients are presented in Table 1 . All regressions were significant except for duodenal flow of Na. Including fatty acid intake as an independent variable did not statistically improve prediction of flow, but data are included for Ca and Mg for information. Because fat source influenced intestinal Ca absorption, regressions of fecal Ca flow are shown also within fat source. Large inverse differences in the intercepts and slopes (e.g., large intercept with low fecal flow coefficient for CS; smaller intercept and larger fecal flow coefficient for AV) suggest errors in sampling rather than biological differences between fats. The inverse relationships would not be unexpected if sampling error were involved, whereas it would be a highly unlikely biological response.
Magnesium intake (Table 2 ) was similar ( P > .05) among treatments (54.3 f 9.0 g/d). Source or amount of fat intake had no effect ( P > .05) on the flow of Mg (grarnslday) to the duodenum (-2.58 + .731 Mg intake, P e .0001) or to feces (40.8 f 7.0). Magnesium was absorbed preintestinally (17.2 k 1.1 g/d) and secreted into the intestine (3.7 f 1.0 g/d, P c .01) with no apparent effect ( P > .05) due to source or amount of fatty acid intake. The site of absorption for Mg in this study is similar to that in dairy cows (Grace and MacRae, 19721 , in steers and sheep (Greene et al., 1983a,b) , and in sheep (Rahnema and Fontenot, 1983 , 1990 .
According to analysis of orthogonal contrasts, total tract Mg absorption (gramdday, P c .05; percentage of intake, P c .lo) was reduced when fat was added to the diet. Kemp et al. (1966) reported that increased fatty acid intake lowered Mg absorption in dairy cows, and Wilson et al. (1969) and Steele (1984) attributed the reduction in serum Mg to lower Mg absorption in dairy cows fed peanut oil or crushed peanuts. Conversely, Grace and Body (1979) noted no significant change in the total apparent absorption of Mg when the dietary fatty acid intake was increased With exception of the CSH treatment, lower absorption of Mg in the total tract caused by fat supplementation ( P < .05) can be explained by lower absorption in the stomach. However, variation among treatments precluded finding significant effects for the stomach. The higher stomach absorption on the CSH diet was compensated by more negative intestinal absorption; such results could occur from underestimated Mg flow a t the duodenum.
Because diets with added fat were formulated t o have higher Ca, intake of Ca (Table 3) was increased 3.8-fold.
( P < .05) by both the source and amount of fat supplementation (avg 195 vs 170 g/d), which probably explains the higher flow of Ca ( P < .05) for both source and amount of fat intake to the duodenum (avg 189 g/d for high-fat diets vs 156 gld for control). Absorption of Ca from the stomach was positive for all diets except AVL. Khorasani and Armstrong (1992) reported a highly positive correlation ( R 2 = .879) between Ca intake and Ca flow to the duodenum of Jersey cows and steers fed three different levels of Ca. The relationship between duodenal flow of Ca and Ca intake (Table 1) was as follows: flow (gramdday) = -14.06 ( k 32.7) + 1.034 (k .170) x Ca intake ( P < .0001). Thus, the estimate of ruminal absorption 
bFat-supplernented control ( P .lo). at ruminal concentrations below approximately 1 mM, net secretion of Ca into the rumen occurred, whereas Ca absorption increased linearly at higher concentrations. Palmquist et al. (1986) showed that the concentration of ionized Ca in the rumen was decreased (from 1.20 to .60 mM) when fat was added to the diet; however, the concentration of ionized Ca in the rumen also was influenced by dietary Ca source. Ionized Ca concentrations were low (.62 mM) with insoluble Ca supplements and higher (1.82 mlM) with a soluble (CaC12) supplement. Because Ca soap formation in the rumen is dependent on the amount of long-chain fatty acid fed, and independent of Ca supplementation (Palmquist et al., 1986) , similar amounts of Ca soap should have been formed in the rumen in these experiments. Further, one may have expected lower ruminal absorption of Ca from fatsupplemented diets. Apparent absorption of Ca from the preintestinal region as shown in Table 3 is consistent with data from Grace et al. (19741, Greene et al. (1983a) , and Rahnema and Fontenot (1983) and the in vitro and in vivo studies by Holler et al. (1988) , all of which show that Ca is absorbed from the rumen. Calcium absorption from total tract and different regions of the digestive tract was regressed on Ca and fatty acid intakes. With this analysis, neither Ca nor fatty acid intake was found to influence absorption of Ca from the rumen or the small intestine significantly, and only Ca intake influenced total Ca absorption (Ca absorbed, gramslday = -37.4 + .264 Ca intake, grams1 day, P = .07, R2 = .14). Thus, metabolic fecal Ca was 37.4 gld, and the true digestibility of Ca was 26.4%.
This compares with metabolic fecal Ca of 12.4 gld and true digestibility of 40% in Jerseys, reported by Hibbs and Conrad (1983) . Although fatty acids did not affect absorption of Ca, different sources and amounts of fat did cause differences in the net intestinal absorption of Ca. Calcium absorption in the intestine was reduced by CS compared with AV ( P < .05), and higher fat intake resulted in lower intestinal absorption of Ca than did low fat intake ( P < .05). However, these observations are confounded by different sources of Ca between fat-supplemented diets. Calcium was provided mainly by the Ca soap in CS diets, whereas in AV diets, Ca was provided mainly by limestone (CaCO3) and dicalcium phosphate. There is no obvious reason why the different Ca sources should have different availability. Apparent digestibility of fatty acids in this experiment was higher (80.0 vs 75.7, P < .05; Wu et al., 1991) for diets containing Ca salts of fatty acids than for diets containing AV fat and was higher for the low-fat diets.
There was a net secretion of Ca in the intestinal region of the cows fed the control and CSH diets and net absorption from the intestine of the animals fed CSL, AVL, and AVH diets. Causes of inconsistency in sites of absorption of Ca with different diets are not apparent, but variable results have been reported by others. Because ruminal and intestinal estimates of absorption tended to compensate each other, variation may be due to errors in estimating duodenal flow of Ca. The intestinal Ca secretion here confirms data of Grace et al. (1974) and Fontenot (1983, 1986) , and absorption is consistent with data of Storry (1961), Kemp et al. (1973) , and Rahnema and Fontenot (1990) . No difference ( P > .05) in total Ca absorption (gramslday) or percentage of intake was noted among treatments, even though numerically the amount of Ca excreted in the feces was higher for cows consuming CS and AV fat vs the control (187.6 and 176.0 vs 157.2 g/d). The high excretion of Ca by cows fed the high level of CS, in particular, caused absorption to be low on that diet. However, we were unable to detect an interaction of fat source and level of feeding on Ca absorption ( P > .4). Because Grace and Body (1979) and Body and Grace (1983) have shown clearly that Ca soap formation occurs in the hindgut, a major effect of fatty acids on Ca absorption may occur at that site.
Significant Ca absorption may occur in the large intestine in the absence of fatty acids (Grace and Body, 1979; Greene et al., 1983a; Nemere and Norman, 1991) .
Phosphorus intake ( Table 4 ) was increased ( P < .O 1) with fat-supplemented diets, and it was higher ( P < .05) with diets containing AV than with those containing CS, probably caused by residual phospholipids in AV. The greater ( P < . O l ) dietary intake of P with AV is probably the cause of the greater ( P < .05) duodenal flow of P with AV than with CS. There was no apparent effect ( P > .05) due to source or amount of fat in the diet on fecal excretion (grams/ day) of P. The preintestinal secretion of P and its subsequent absorption from the intestinal region are consistent with data of others (Pfeffer et al., 1970; Grace et al., 1974; Rahnema and Fontenot, 1983; Khorasani and Armstrong, 1992) . The amount of P secreted preintestinally was greater ( P < .05) with the control diet than with the diets containing fat.
Because the increase in the P content of the digesta as it flows through the stomach is due primarily to salivary P (Pfeffer et al., 1970) , fat supplementation may have reduced salivation. Fat supplementation is known to slow the rate of eating (Heinrichs et al., 1982) . Phosphorus was absorbed from the intestine with no effect ( P > .05) of treatment. However, apparent total tract absorption (gramdday) of P was increased ( P < .O 1) by the fat-supplemented diets, and total tract P absorption was higher ( P < .05) for AVthan for CS-supplemented diets. This greater absorption reflects the greater ( P < .O 1) dietary intake of P with AV, because the percentage absorbed was not increased ( P > .05) by fat. The regression for P absorption (gramdday), which included a term for fatty acid intake, was as follows: P absorbed (grams/ day) = -12.6 ( k 11.8) + .447 ( k .168) x P intake + .00665 ( f .00841) x fatty acid intake ( P < .002, R2 = .44). It is uncertain whether fat has any real effect on P absorption, because higher fat intake has been reported to decrease P digestibility (Palmquist, 1991) .
Potassium intake was similar for all treatments.
Source or amount of fat intake had no effect ( P > .05) aHighfat greater than low fat ( P < ,051. bHigh fat intake reduced Na secreted into the stomach ( P < .05).
on K intake, duodenal flow, or its concentration in the feces (Table 5) . Similarly, the amount of K absorbed from the rumen, intestine, and total tract was unaffected ( P > .05) by the source or amount of fat intake. However, the percentage of K absorbed in the total tract was decreased by added fat ( P < .lo).
Potassium was absorbed from both the stomach and the intestinal region of the cows; however, the intestine was the major site of K absorption. The literature is consistent in reporting intestinal absorption of K (Greene et al., 1983a,b; Rahnema and Fontenot, 1983 , 1990 ) and inconsistent in reporting whether preintestinal absorption occurs (Greene et al., 1983a,b; Rahnema and Fontenot, 1983 , 1990 .
Sodium intake was increased ( P < .05) with diets higher in fa$ (both CS and AV) (Table 6 ). However, there was no effect ( P > .05) due to fat supplementation on the flow of Na to the duodenum and the amount appearing in the feces. Sodium was secreted (188 to 259 g/d) into the rumen and was absorbed (220 to 290 g/d) from the intestine, similar to reports of F 'feffer et al. (1970) , Greene et al. (1983a,b) , and Fontenot (1983, 1990) . As with P, the increase in the flow of Na through the duodenum compared with the Na intake is the result of the large amounts of Na present in the saliva (Pfeffer et al., 1970; Gabel and Martens, 1991) , because large amount of Na are absorbed from the rumen (Gabel and Martens, 1991) .
Implications
Irrespective of source or amount of fat supplementation, Mg was absorbed from the preintestinal region of lactating dairy cows, whereas it is unlikely that preintestinal absorption of Ca occurred. Fat supplementation did not influence Ca balance in the rumen. Accuracy of measuring duodenal flow is critical t o determining the site of absorption when differences are small, and this accuracy is difficult to document. This study did not document any negative effects of fat supplementation on total Ca absorption. Nevertheless, without supplemental calcium cows fed high-fat diets may suffer hypocalcemia.
